INTRODUCTION
A previous paper (Benson 1973a ) described the effects of intraspecific competition on the population dynamics of Bracon hebetor Say, a gregarious ectoparasite of the larvae of Lepidoptera infesting stored products (Benson 1973b ). The present paper describes the outcome of a continuous interaction between the parasite and one of its hosts, Ephestia cautella (Walker) (see Kloet & Hincks 1972) , in the laboratory. Regular sampling provided population estimates for several host and parasite stages and life-tables are constructed for each species. These are analysed to determine the size and form of different mortality factors and to assess their contribution to population fluctuation and regulation.
MATERIALS AND METHODS (a) The ecosystem
The ecosystem was a transparent cage (90 x 90 x 75 cm (0 61 m3)) held in a constantenvironment room at 25+20 C, 70+50 _ RH and with a 17-h light period. A terylenemesh sleeve gave access and ventilation.
The wooden cage floor was completely covered by eighty-one shallow cardboard trays (9 5 x 9 5 x 2 5 cm) filled to a depth of about 2 cm by 50 g of wheat-feed (wheat toppings: glycerine, 5: 1 by weight). The adult moths live for a short time without water (Benson 1973b ) and in order to encourage discrete generations, water was not provided.
(b) The insects
The parasites used were reared on late fifth-instar larvae of Ephestia cautella, were of standard size (0 68 mm head width), and were 4 days old when introduced to the cage, having had access to a supply of host larvae from emergence. The females contained an average of 13 0+ 1 6 mature eggs and no eggs undergoing resorption (Benson 1973a ). The host moth was reared on wheat-feed, as described by Rogers (1970) and Benson (1972) . The biology of this and other moths infesting stored products has recently been reviewed (Benson 1973b ).
The experiment was started with single stages of both host and parasite. Twentyfive pairs of newly emerged moths were introduced. The mean female weight was 10-3 mg and each was expected to lay 140 eggs (Takahashi 1956a ) giving an initial egg population of 3500. Five pairs of parasites were introduced 3 weeks after introduction of the moths since sampling showed large numbers of fifth-instar larvae to be present.
The amount of work involved in sampling precluded replication of the ecosystem. However, the parasite became extinct in the sixth generation and in order to obtain further data, the cage was completely restocked with food and re-run using the same procedures as before. The last five generations can therefore be regarded as a replication of the first five.
(c) Sampling andfood replacement Nine trays were systematically removed from the cage each week and replaced by new trays containing fresh food. Each tray was examined every 9 weeks to count the different stages present. When densities were high a sub-sample was counted to reduce the amount of work involved.
Dead adults were counted on the surface of the tray. Numbers were cumulative and this was considered in estimating the total number in each generation. It is impossible to separate larvae which are only paralysed (for feeding by the female parasite) and those which are paralysed and have eggs laid on them, since the eggs are easily dislodged from the host during handling. Therefore a sub-sample of the food was kept for a further 2-3 weeks to allow parasite eggs and larvae to develop to maturity. No additional food was added to these sub-samples.
The remainder of the food layer was examined immediately. Live host larvae were extracted by gently heating the sample. Counts were made of the different instars (except the first and second which are too small to allow accurate counting), separated on the width of the head capsule (Rogers 1970 ). The food then contained dead, paralysed and parasitized larvae, pupae and empty pupal cases (exuviae). These were separated by mixing the food with a dilute solution of sodium hypochlorite which dissolves the silk binding the food together (Bartlett & Martin 1945) and by washing, sieving and flotation.
(d) Population estimation Eggs were not counted directly and are estimated from the number of adults and their expected fecundity (Takahashi 1956a; Benson 1972 Benson , 1973b .
Because of the overlap between the host stages, the total number of each stage within a generation was calculated as the peak count of the stage plus later stages present and counted at the same time. Since each tray had been in the cage for 9 weeks, and so contained dead insects from the previous as well as the present generation, the numbers of dead larvae and pupae were reduced to allow for those of the previous generation.
If the population showed any consistent tendency to prolongation of generation time due to increased larval numbers (Takahashi 1961 ), a higher proportion of the population would be killed due to sampling when larval numbers were higher. This did not occur to any marked extent and mortality due to sampling has been ignored when calculating other mortalities.
The numbers of adults were estimated in two ways. Adult host numbers were first obtained from the numbers of exuviae counted in the food and a second estimate came from the actual numbers of dead adults counted on the surface of the sampling trays, assuming that each moth lived for 1 week (Benson 1973b ). Male parasites were assumed to live for 1 week and females for 3 weeks (Benson 1973a ). The second parasite estimate came from the numbers emerging from the food tray sub-samples which were allowed to develop for a further 2-3 weeks after sampling. 
RESULTS AND ANALYSES
(a) Discreteness of generations The methods of analysis used are possible because the generations of the host remained discrete or nearly so. Fig. 1 shows the density (in logarithms) of fifth-instar larvae from week to week. Eleven generations are distinguishable although the second and third tended to overlap. Mortality of third-and fourth-instar larvae (k2 = log larvae (3)-log larvae (5)) was also composite and included death due to disease, starvation, cannibalism and paralysis and feeding by the female parasite. Two contaminants may have contributed slightly to k, and k2. The first was the predatory mite Blattisocius tarsalis Berlese which is phoretic on the adult and feeds on the eggs and small larvae ( Huffaker 1969a, b). A constant check showed that its numbers never increased so significantly as to suggest that it contributed in more than a minor way to mortality. The second contaminant was the stored-product beetle Cathartus quadricollis Guerin. Its numbers were always small and it was only present in the fifth and sixth generations. The early fifth instar was particularly susceptible to death caused by an unidentified disease (k3 = log larvae (5) -log larvae (5) escaping disease), which was possibly some form of Bacillus thuringiensis Berliner.
The parasite mainly attacks the mid-to late fifth instar (k4 = log larvae (5) escaping disease-log larvae (5) escaping parasitism) although the late fourth and early fifth instars may also be attacked, depending on the availability of different stages.
Fifth-instar larvae killed by factors other than disease and parasitism are included in the fifth mortality (k5 = log larvae (5) escaping parasitism-log pupae). Some were paralysed for feeding by the female parasite; others may have been killed by starvation, cannibalism and possibly other undetected diseases (Benson 1973b) .
Pupal mortality (k6 = log pupae-log adults) was probably due to a variety of factors, including developmental disorders, failure to reach a critical size which allowed successful emergence and possibly disease.
(2) The parasite Life table data for the parasite from this study were given by Benson (1973a) . Three mortality intervals were separated. The first was variation in the fecundity of the female from a potential maximum (kf = log potential eggs-log expected eggs). The second was a combined mortality of eggs, larvae and pupae when present on a host larva (ke = log expected eggs -log adults). The third was variation in the sex ratio of the adults (ksex = log adults -log females). A ksex-value of 0 3 therefore represents equal numbers of both sexes. 
(Varley & Gradwell 1960
). This allows a visual comparison to be made between the overall generation mortality (K) and the individual mortalities (k, -k6). The key factor, if present, is that factor which causes a variable mortality and appears to be largely responsible for population change (Varley & Gradwell 1960 ). Fig. 2 shows the key factor to be egg and early larval mortality, kl, which is correlated with K at the 01% level.
To investigate the density-relationships of each factor, the k-values are plotted against the logarithm of population density on which they acted. There are two possible main causes of egg and early larval mortality. The first is competition for food and space. Unfortunately no information is available on variation in the amount of food present in the cage, but larval density in the previous generation provides an indirect estimate, since it affects the amount of food remaining in the unsampled food trays. A significant linear regression exists between the k1-values and the logarithm of third-instar density in the previous generation (omitting generations one and seven) (y = -1 60+0.61x, P<0.001), which partly supports competition as a significant cause of k1. However, plotting the k-values of almost any delayed relationship against density in the previous generation results in an improvement in linearity; this relationship cannot therefore be regarded as proof that k1 is largely caused by competition, but nevertheless it remains a useful mathematical description of the mortality. Rogers (1970) showed by k-value analysis that above an initial density of 25 eggs/g of food, the egg and early larval mortality of a number of stored-product moths changed from undercompensating (k-value slope < 1) to overcompensating (k-value slope> 1) (see also Benson 1973b). He suggested that this change reflected 'a switch by the larvae to a more cannibalistic existence', probably due to starvation and crowding. An initial density of 25 eggs/g of food in the present study is equivalent to a total egg density of approximately 100 000 (log = 5). Fig. 3 does not show a marked change in k1 at or about this density, but such a change is probably masked by the variable food supply.
The second possible main cause of k1 is variation in fecundity in relation to variation in adult numbers (Snyman 1949; Ullyett 1945a ). Fig. 5 shows the relationship between the rate of increase from adult to third instar, on the assumption of no egg or early larval mortality, and the logarithm of adult numbers. There is a suggestion that fecundity may decrease as numbers in the cage increase. Fig. 6(a) shows the relationship between k2 and log third-instar larvae. This is also a delayed density-dependent mortality. The female parasite must feed on host larvae to mature eggs (Benson 1973a) , and further, many parasites emerge when only third and fourth instars are present, due to the difference between the length of the life-cycles of the host and parasite. The data in Fig. 7 support the conclusion that k2 is caused mainly by the parasite, showing a significant linear relationship between k2 and female parasite density. (Fig. 8a) . This 'interference relationship' suggests a density-dependent reduction of parasite efficiency as female parasite density increases, and could contribute significantly to the stability of the host-parasite interaction (Hassell & Varley 1969; Hassell 1971 ). Fifth-instar mortality caused by disease (k3) is small and is not related to host density (Fig. 6b) .
F of discovery is not constant (as Nicholson assumed) but is inversely related to female parasite density
Parasitism of fifth-instar larvae (k4) is also small (Fig. 6c) . There is no evidence that the parasite is in this case causing a delayed density-dependent mortality. Joining successive k-values only reveals an anticlockwise spiral if parasitism is a key factor; an alternative is to test if the parasites' fecundity or effective rate of increase are strongly correlated with host density (Varley & Gradwell 1970 ) but in this case there is no correlation. The area of discovery of the parasite (eqn 1) when attacking fifth-instar larvae (a) is also inversely related to female parasite density (Fig. 8b) . The slope of the regression (the 'mutual interference constant' (Hassell & Varley 1969) ) is almost twice that found when the parasite attacks the third and fourth instars (Fig. 8a) ; however, the intercepts ('quest constants'), which represent the efficiency of a single female not subject to interference, are almost identical.
The regressions in Fig. 8 are also subject to bias due to errors and due to a lack of independence of the axes. A valid test for a density-dependent reduction in searching efficiency involves plotting the logarithm of the k-value for parasitism against the logarithm of female parasite density (Hassell & Varley 1969) . The null hypothesis is that byx = bxy = 1 (constant area of discovery) and for significance, the correlation coefficient should be high and both regressions should differ significantly from b = 1 Benson, 1973c). The test shows that the interference shown in Fig. 8(a) Fifth-instar mortality due to causes other than disease and parasitism (Fig. 6d ) and pupal mortality (Fig. 6e) are not related to host density in any simple way.
(2) The parasite
The density-relationships of mortality factors acting on the parasite (data from Table 4 in Benson 1973a) are shown in Fig. 9 . Variation in the fecundity of the female from a potential maximum (kf) appears to be density-dependent (Fig. 9a) and this is the key factor affecting the parasite; however, this apparent density-dependence is a reflection of parasite interference (Fig. 8b) and the further statistical test (see above) does not prove this relationship.
Egg, larval and pupal mortality (ke) is small and insignificant (Fig. 9b) , as predicted from a detailed study of intraspecific competition (Benson 1973a ). This study also predicted that sex ratio changes due to differential mortality would be unimportant. The significant sex ratio changes that did occur in the cage (Table 3 ) cannot be explained by differential mortality since ke shows only slight variation; they may have been due to asynchronization between the host and parasite life-cycles (Fig. 9c) .
POPULATION MODELS (1) The host
The parameters of a simple model for the host are given in Table 4 . Successive (2) The parasite The model for the parasite (Table 5 and Fig. lOb) is a little better than that for the host, at least for the first six generations. The mean adult density predicted is only about half that observed (110 and 195 respectively), although there was also a 200-fold change in parasite numbers during the study. Egg and early instar mortality -1 60+ 0 61 log larvae ( Huffaker 1969b ). This is attributed to almost total parasitism of 'early' and 'late' immature hosts within a generation. It is not known whether Bracon hebetor was wholly or even partly responsible for the discrete generations in the present study.
The key-factor acting on the host was mortality of eggs and early larvae. This is also the key-factor affecting Ephestia kiihniella (Hassell & Huffaker 1969) , although parasitism by Nemeritis canescens, when present, may also be important. The data available suggest that this mortality was caused either by larval competition for food and space (as in Ephestia kiihniella (Hassell & Huffaker 1969) ) or by variation in fecundity due to variation in adult numbers. It was not caused by variation in adult size, although this probably Table 4 ), (b) observed (o) and predicted (o) adult parasite densities (see Table 5 ).
contributed slightly. Several factors are known to cause egg and early larval mortality in stored-product moths (Benson 1973b ) and further elucidation of their individual importance will require detailed study. The second important mortality was due to the female parasite which paralyses and feeds on small larvae (Benson 1973a ). The females show interference when attacking small larvae (Fig. 8a) and possibly when attacking the fifth instar (Fig. 8b) . This is in effect a density-dependent mortality acting against the parasite and contributes to stability in the host-parasite interaction (Hassell & Varley 1969; Hassell 1971) . Asynchronization between the host and parasite life-cycles, resulting in some hosts being protected from parasitism, could also contribute to this stability (Hassell 1969) . The cause of the interference is unknown, but may be due to avoidance of areas previously searched by other females (Ullyett 1945b; Price 1970) or to avoidance of superparasitism (Rogers 1970 ). It is not caused by direct mechanical interference between the adults, as is the case in Nemeritis canescens (Hassell 1971 ).
Parasitism of fifth-instar larvae was small, but nevertheless important since it gave rise to parasites in the next generation which caused mortality of third-and fourth-instars. The key-factor affecting the parasite was variation in fecundity from a potential maximum (Benson 1973a ). The unexpected and unexplained changes in the sex ratio of the parasite (Table 3) (1956b) studied a continuous interaction between Bracon hebetor and Ephestia cautella in the laboratory but only counted the dead adults; a detailed interpretation of the causes of change and regulation is therefore impossible. However, Takahashi's data (replotted on a logarithmic scale in Fig. 1 1) show an interesting phenomenon in the eleventh generation. Almost 100 parasites searched for the larvae produced by several hundred moths, yet no parasites survived to the twelfth generation. This is unexplained but is similar to the present study when all the parasites emerging in the sixth generation were male, causing extinction of the parasite. The population models developed do not give accurate predictions of population change and regulation. This is hardly to be expected with the limited data available and the simple sub-models used for each mortality. Nevertheless, they do support the general conclusions of the study and provide a basis on which further studies of the dynamics of stored-product moths can be developed.
